Flow Field Investigation in a Trapezoidal Duct with Swirl Flow Induced by Impingement Jets  by LIU, Haiyong et al.
Contents lists available at ScienceDirect 
Chinese Journal of Aeronautics 
journal homepage: www.elsevier.com/locate/cja 
Chinese Journal of Aeronautics 24 (2011) 8-17
Flow Field Investigation in a Trapezoidal Duct with Swirl Flow Induced 
by Impingement Jets 
LIU Haiyonga,b,* QIANG Hongfua, LIU Songlingb, LIU Cunliangb
a201 Section, Xi’an High-Tech Institute, Xi’an 710025, China
bSchool of Power and Energy, Northwestern Polytechnical University, Xi’an 710072, China 
Received 21 April 2010; revised 2 June 2010; accepted 4 November 2010
Abstract 
An enlarged model of trapezoidal duct near the leading-edge in the blade is built up. The effects of impingement jets, swirl 
flow, cross flow and effusion flow are considered. Experiments are performed to measure flow fields in this confined passage 
and exit holes on one of its side walls. Cross flow and effusion flow are induced in the channel by the outflow of side exit hole
(SEH) and film cooling hole (FCH), which are oriented on one end wall and bottom wall of the passage. Detailed flow structures 
are measured for two impingement angles of 35q and 45q with 6 combinations of outflow ratios. Results show that the small jets 
impinge the target wall effectively while the large jets contribute to inducing and impelling a strong counter-clockwise vortex in 
the upper part of the passage. Cross flow plays a dominate role for the flow structures in the passage and exit holes. It deflects 
jets, enhances swirl and deteriorates side exit conditions. Impingement angle is another significant factor for the flow character-
istics. Its effect reveals more evidently with cross flow. Within the present test conditions, the mass flow rates and outflow posi-
tions of FCHs have no distinct effect on the main flow structures.  
Keywords: flow fields; leading edge; impingement jets; swirl flow; film cooling; cross flow   
1. Introduction1
High turbine inlet temperature in modern gas tur-
bine engines requires proper cooling techniques to 
protect it from overheated. Among all of the existing 
internal heat transfer enhancement techniques, im-
pingement jet has the most significant potential to in-
crease the local heat transfer coefficient. It is always 
combined with film cooling, augmented convective 
cooling or pin fins and dimples. For gas turbine air-
foils, a significant application utilizing a two-dimen- 
sional array of jets is the cooling of the leading edge, 
where the internal cooling cavities always have com-
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plicated geometry that can be simplified to a trapezoi-
dal duct for analytical or experimental analysis. Heat 
conducted from external surface exposed in high tem-
perature air can be absorbed by convection from in-
ternal surface and brought away by internal coolant, 
while film cooling provides heat protection for exter-
nal surface. The induced swirl can also enhance con-
vection in the trapezoidal duct. This work involves the 
utilization of a combination of impingement cooling, 
film cooling and swirl flow to the mid-chord near 
leading edge circuit. 
A lot of studies focusing on impingement cooling 
utilized in blade cooling have been performed exten-
sively. Hrycak[1] measured the average Nusselt num-
bers for different Reynolds numbers at different cur-
vatures for the curved leading edge. Bunker, et al.[2]
and Metzger, et al.[3] studied the effect of target plate 
shape on the gradient distribution of Nusselt numbers 
with or without coolant extraction. Hollworth, et al.[4]Open access under CC BY-NC-ND license.
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studied the effect of remove of spent fluid from in-
clined holes on the heat transfer of target surface with 
arrays of impinging jets. They found the coolant would 
escape through extraction holes and take heat away. 
Experiment on combined effect of swirl and impinge-
ment in leading edge chamber was done by Glezer, et 
al[5]. Their results showed film cooling was helpful to 
reduce cross flow effect and remove thermal load but 
also brought undesirable side effects. Local heat trans-
fer coefficients and static wall pressure drop in leading 
edge triangular duct cooled by side entry wall jets 
were determined by Hwang, et al[6]. Two impingement 
angles of 45q and 75q were considered. Experimental 
and numerical study of impingement on an airfoil lead-
ing edge with and without showerhead and gill film 
holes was accomplished by Taslim, et al[7]. They 
examined the effect of showerhead film holes on the 
heat transfer coefficient and pressure on the airfoil 
nose area and suction side areas. Alvarez, et al.[8] re-
searched heat transfer and flow characteristics of a 
leading edge impingement cooling system for low 
pressure turbine vanes. They used numerical flow fea-
ture data to get relevant information since no flow 
field visualization was obtained in the experiment. 
Cross flow usually exists in the leading edge cham-
ber thus the effect of cross flow on heat transfer and 
aerodynamic parameters was also researched exten-
sively. Goldstein, et al.[9] examined the Nusselt number 
distribution for a circular jet with cross flow, which 
showed that the Nusselt number was significantly 
asymmetric and the peak Nusselt number shifted at a 
downstream location due to the jet deflection by the 
cross flow. Florschuetz, et al.[10-13] carried out a series 
of experiments to study aerodynamic parameters and 
heat transfer characteristics for jet array impingement 
for different cross flow conditions. Some results 
showed that although the cooling by impingement jet 
was decreased due to the jet deflection, convection 
heat transfer tended to be enhanced by the cross flow. 
Ekkad, et al.[14] studied the influence of cross flow 
induced swirl and impingement on heat transfer in an 
internal coolant passage of a turbine airfoil with dif-
ferent impingement angles, impingement hole loca-
tions and Reynolds number. They found swirl flow 
was induced in downstream channel by the jet injec-
tion, and heat transfer was considerably enhanced 
without weakening upstream channel. Heat transfer 
characteristics in narrow confined channel for stag-
gered jet arrays with cross flow were studied by 
Chambers, et al.[15-16]. Part of the results provided by 
them showed that cross flow had a great effect on the 
impingement cooling performance in the confined 
channel. When the cross flow grew stronger, the jet 
potential core was no longer able to traverse the chan-
nel, and heat transfer enhancement occurred at the 
location where the mixed jet wakes stroke the target 
surface.
Most studies mentioned above focused on the heat 
transfer in leading edge chamber or confined channel. 
However, the comprehensive analysis of heat transfer 
characteristics of impingement cooling affected by 
cross flow requires detailed flow field knowledge of 
both impinging cavity and jet holes. Lee, et al.[17-18]
determined the flow characteristics inside circular in-
ject holes normally oriented to cross flow by oil film 
flow visualization technique and five-hole pressure 
probe. Strong secondary flow in the inlet and exit 
planes of the inject hole was found. Cutbirth, et al.[19]
examined flow visualization within the stagnation re-
gion of a film cooled turbine vane with laser Doppler 
velocimetry. The effect of jet array arrangement and 
aspect ratio on flow characteristics of the exit hole in 
short confined channels had been studied by Liu, et 
al[20]. Plenty of information was obtained that was 
useful for understanding the flow pattern of spent air.  
The purpose of the present study is to gain greater 
in-sight into the flow structures and flow characteris-
tics of outflow in the trapezoidal confined passage 
with impingement jets. Experimental and numerical 
investigations of heat transfer coefficients on the target 
wall and exit side wall have also been conducted but 
are not presented in this article. A primary objective of 
this article is to report and characterize the experimen- 
tal determined flow visualization of the confined 
channel and exit holes, and to emphasize the effects of 
cross flow and impingement angles. That would be 
helpful to improve the understanding of searching 
high-effective internal cooling methods for mid-chord 
and leading edge chamber.  
2. Experimental Apparatus and Procedures 
As shown in Fig.1, the test model had a trapezoidal 
cross section. Its left side was the orifice plate on 
which 40 staggered circular impingement holes were 
opened. The diameter of the higher row of 20 im-
pingement holes was larger than that of the lower row. 
dI was the diameter of large impingement hole (LIH) and 
d was the diameter of small impingement hole (SIH). 
Two impingement angles of 35q and 45q were considered. 
The distances of impingement hole outlets to target 
wall were kept uniform. There were 25 circular side 
exit holes (SEHs) on the opposite side to the jet orifice 
plate and ds was the diameter of SEH. In the real tur-
bine airfoil, the impingement holes were connected to 
the upstream duct when the SEHs got connected to the 
downstream duct. It guaranteed that the coolant air 
was taken full advantage in the vane. One end wall of 
the passage was closed when a larger exit hole was 
opened on the other one. Three rows of film cooling 
holes (FCHs) were arranged on the bottom wall and df
is the diameter of the FCH. Those FCHs had a com-
pound angle of 45q to x and y coordination. The de-
tailed definitions of hole rows and passage walls were 
shown in Fig.1, where de was the diameter of the end 
exit hole (EEH), and Lh was the height of the passage. 
· 10 · LIU Haiyong et al. / Chinese Journal of Aeronautics 24(2011) 8-17 No.1 
Fig.1  Cross section of test model. 
All the impingement holes were fed by the inlet ple-
num. From upstream to downstream, the outflow of 
SEHs flowed into exit plenum which was divided into 
three parts defined as exit plenum_1 to plenum_3. 
These exit plenums contained 10, 8 and 7 SEHs re-
spectively as shown in Fig.2. The outflow of FCHs 
entered effusion plenums, which were separated into 
two rows and six sections. Effusion plenum_1_1 to 
plenum_1_3 covered 5 FCHs respectively and effusion 
plenum_2_1 to plenum_2_3 covered 10 FCHs respec-
tively. Li and Ls were the interval of impingement hole 
and SEHs repectively. Lf,s and Lf,c were the steamwise 
interval and spanwise interval of FCH. Lc was the 
length of the passage. The detail parameter sizes of the 
test model were shown in Table 1, where d = 20 mm. 
Fig.2  Test configuration section.
Table 1  Parameter sizes of test model 
dl ds de df Lh
1.2d 1.33d 11.34d 0.53d 6.67d
Li Ls Lf,s Lf,c Lc
2.67d 2.2d 3.6d 4d 54.67d
The facilities of the experiment were shown in 
Fig.3. The air supplied by the blower flowed into the 
settle chamber and entered the inlet plenum through 
orifice flowmeter and valve, then fed into the confined 
channel from the impingement holes. The jets, after 
impingement, were released from SEHs and FCHs, or 
were constrained to flow along the channel and formed 
cross flow. The mass flow rates of SEHs were meas-
ured by orifice flowmeters and those of FCHs were 
measured by buoyang flowmeter. The static pressures 
of exit plenums and effusion plenums were observed 
and kept uniform during the experiment. The mass 
flow rates of inlet plenum, SEHs and FCHs were ad-
justed by valves to maintain certain flow flux ratio. 
Fig.3  Experiment facilities. 
The schematic diagram of the test section of the 
panel was shown in Fig.2(a). Along x direction of the 
passage, 11 measurement planes of A to K were ar-
ranged. Plane A, D and J passed through LIH 3, 10 and 
19 respectively. Plane B, C, G, H and I were settled at 
SIH 4, 7, 14, 16 and 18 respectively. Plane E and F
were located between LIH 11 and SIH10, LIH 13 and 
SIH 12 respectively. Plane E, J and K were arranged 
near FCH 8, 14 and 15. 
A seven-hole pressure probe was manufactured and 
calibrated to capture the complicated flow in the pas-
sage. Its outer diameter was 2.5 mm and was calibrated 
carefully within the range of yaw and pitch angle from 
60q to 60q. The definition of dominated pressure sec-
tions was shown in Fig.4, in which p1 to p7 were pres-
sures measured by probe hole 1 to 7, M  was the lateral 
angle, D referred to the direction of pitch angle when 
E referred to the direction of yaw angle. The velocity 
measurements of SEHs were carried out with a straight 
five-hole pressure probe whose out diameter was 
2.2 mm, and the calibration range of yaw and pitch 
angle was from 35q to 35q. The calibration interval of 
yaw and pitch angle for seven-hole and five-hole 
pressure probes was both 5q. On the basis of specific 
calibration condition of static pressures, total pres-
sures, yaw and pitch angles, a two-dimensional data-
base on yaw and pitch angles was built up. When the 
pressures in the flow field were measured by the pres-
sure probe, a two-dimensional interpolation algorithm 
was used to reproduce the velocity and angle of the 
flow. Firstly the yaw and pitch angles were deter-
mined, then the static and total pressure were obtained, 
so the velocity magnitude and vectors were calculated 
on the measured position.  
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Fig.4  Calibration sections of seven-hole probe.
As shown in Fig.5, the measurement plane in the 
passage was divided into three parts: the left and right 
triangular regions and central rectangular region that 
contained 5, 5 and 11 measurement lines respectively. 
The seven-hole probe was inserted in the passage 
along the measurement lines facing to the incoming 
flow. That desired the probe to be arranged inclined in 
triangular areas and vertically in the central part. The 
lowest measurement points in triangular areas were 
7 mm to the target wall when in the central part the 
distances were 2 mm. The total number of measure-
ment points in a single plane was 342. The measure-
ments of SEHs were performed at 5 locations axially 
as shown in Fig.6, where LH was the height of SEH. And  
Fig.5  Measurement matrix in the passage. 
Fig.6  Measurement locations in SEH. 
6 angular measurement lines were considered at each 
location, which were arranged by a. Detailed meas-
urement positions were zc /  LH = 0, 0.25, 0.50, 0.75, 
1.00 and a= 60q, 30q, 0q, 30q, 60q, 90q. There were 
9 measurement points at each line, thus the matrix of 
each cross section was 9u6u5.
The Reynolds number was calculated with the av-
erage velocity of all jets Vr, and the diameter of SIH d.
It was defined as 
      Re =UVr d /P = U mt / (12.2S dP      (1) 
where Uwas the density of air, P the viscosity of air, 
and Vr was calculated from the measured total input 
mass flow rate mt.
Other parameters used to define the test conditions 
were mass flow rate ratios of outflows. They were de-




where Cs, Ce, Cf,k were the mass flow rate ratios of SEH, 
EEH and FCH row k (k=1,2,3); ms, me, mf,k were the 
mass flow rates of those respectively. 
The experiment was conducted with Re=15 000, and 
the detailed test conditions definition when consider-
ing the impingement angles were given in Table 2, 
where C1 meant test condition of impingement angle 
Di=35q and C2 meant test condition of impingement 
angle Di=45q, and 1 to 6 meant different mass flow rate 
ratios. 
Table 2  Definition of test conditions 
Condition Cs Cf ,1 Cf ,2 Cf ,3 Ce
C1(2)-1 1.000 0 0 0 0 
C1(2)-2 0.900 0 0.10 0 0 
C1(2)-3 0.500 0.250 0 0 0.250 0 0 
C1(2)-4 0.750 0 0.25 0 0 
C1(2)-5 0.375 0.187 5 0 0.187 5 0.25 
C1(2)-6 0.250 0.125 0 0 0.125 0 0.50 
The resolution of probe traversing system was 
0.1 mm, thus the uncertainty of displacement of probe 
was within 1% in the entire operating range of meas-
urement. The confidence of the pressure transducers 
utilized in the experiment was 99%, thus the velocity 
magnitude uncertainty due to the pressure effect was 
1.5%. The uncertainties of mass flow rate for the ori-
fice flowmeter and rotameter were 2.5% and 1% re-
spectively. Then the uncertainties of Re and outflow 
ratios were 2.55% and 2.78% respectively. The uncer-
tainty of the yaw and pitch angles in the calibration 
was 2%, and the uncertainty of the arranged angle of 
the probe in experiment was 5%. Then the off-axis 
velocity uncertainty was 5.4%. 
3. Presentation of Results 
The velocity contours and vectors measured at the 
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given planes are displayed in Figs.7-9. The contours 
represent the velocity magnitude Vt in passages when 
the arrows denote the velocity direction plane in y and 
z. All velocity components are normalized by Vr. The 
length scales of the measured planes are non-dime- 
nsionalized by d.
The flow fields of C1-1 and C2-1 for the planes B, F
and J are plotted in Fig.7. The EEH and FCHs are 
blocked under these conditions. No cross flow exists in 
the passage. 
Fig.7  Flow fields in passages of C1-1 and C1-2. 
Plane B cuts through the center of SIH 4 (see 
Fig.2(a)). The flow path of small jet is displayed 
clearly in this plane. After impinged on target wall, the 
jet is constrained to flow near target wall and then 
forms wall jet, which covers about 2/3 of the target 
wall distance. A strong vortex is found in the upper 
part of the passage. Its center is a little higher than that 
of the passage and is held by low velocity flow. Local 
high velocity flows are induced by the vortex near side 
walls and top wall. The vortex seems to have little ef-
fect on the small jet near impingement side, and it has 
no touching down on the target wall. It suggests that 
strong interact effect exists between the small jet and 
the vortex in the central region near target wall. It 
presses the small jet to spread closely to the target wall 
and lifts the vortex. The right downside corner of the 
passage is occupied by low velocity flow and the suc-
tion effect of exit hole is indistinct. 
Plane J locates in the center of LIH 19 (see Fig.2(a)) 
and can demonstrate its flow pass distinctly. The large 
jet expands along the axial direction of LIH 19 with 
losing penetrating power. And its impingement core is 
terminated apparently when it reaches the center of the 
passage. It has not landed on the target wall. Induced 
and accelerated by the jet, a strong vortex is formed in 
the upper part of the passage. The vortex strengthens 
the convection in the passage. The low corner of the 
passage is still filled with low velocity flow. 
Plane F is between SIH 12 and LIH 13 (see 
Fig.2(a)), where clear insight of interaction effect of 
small and large jets can be obtained. The induced vortex 
with large jet, the impingement of small jet accompa-
nied by wall jet, and narrow low velocity region between 
jets are all denoted. For describing briefly, the flow structure 
at upper part of plane F is similar to that of plane J,
when that of downside part and plane B are alike. 
The flow structures of C2-1 are given in Figs.7(d)- 
7(f). The impingement angle is 45q, and the locations 
of impingement holes on impingement side wall are 
higher than those of 35q. As shown in plane B, the 
stagnation point of the small jet moves closer to the 
impingement side. The vortex still occupies the upper 
part of the passage but its intensity is weakened. The 
low velocity gap between the small jet and vortex is 
expanded and becomes more evident. It indicates that 
their interaction effect is abated. The large jet seems to 
be hardly affected by the vortex in plane J though its 
impingement core is depleted quickly in the passage. It 
stretches even closer to the target wall but still fails to 
land. The hastening effect of the large jet is weakened 
with the increasing of impingement angle. It leads to a 
weaker vortex in C2-1 than C1-1. The vortex in plane 
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F is more powerful than that in planes B and J. The 
low velocity gap between the flow trace of large and 
small jets becomes even harder to fill. 
It can be concluded from test conditions C1-1 and 
C1-2 that 1) small jets impinge target wall effectively 
when large jets have no successful touching down; 2) a 
vortex dominates the upper part of the passage and 
augments convection flow; 3) the intensity of the vor-
tex wanes with the increasing of impingement angle. 
The flow contours and vectors of C1-6 and C2-6 are 
shown in Fig.8 and Fig.9. Under these conditions, the 
EEH, FCH row 1 and FCH row 3 are opened. The 
cross flow, exit flow and effusion flow are combined 
in the passage. 
Fig.8  Flow fields in passage of C1-6. 
Fig.9  Flow fields in passage of C2-6. 
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Compared with the case of C1-1, the flow structure 
of C1-6 in plane B is extremely similar. It indicates 
that the cross flow has little effect on upstream flow 
structure of the passage. The disturbing function of the 
cross flow on the jets emerges in plane D which cuts 
through the center of LIH 10. The penetrating power 
of the jet is consumed rapidly in the cross flow, and the 
jet is deflected to impingement side and downstream. 
The average velocity in the passage is increased and 
the swirl is enhanced. But low velocity flow still domi-
nates the left downside corner of the passage. The 
small jet is lifted right after its impingement and 
merges with the vortex in plane F. The low velocity 
gap between the large and small jet is narrowed since 
the large jet trace is deflected to plane F from up-
stream. The jet of SIH 18 is detracted rapidly when it 
enters the passage in plane I. Its impact capability is 
slacked and no evident wall jet is observed. The 
strength of swirl becomes even stronger. Plane K is 
located in the most downstream of the passage where 
cross flow gets its ultimate strength. The large jet is 
deflected as soon as it emerges in the passage, even no 
distinct impingement core of the large jet is observed. 
The upper part of the passage is filled totally by the 
swirl. But the vortex still cannot eliminate the low ve-
locity region in the left downside corner. Little effu-
sion effect is found in plane E, I and K though two 
rows of FCHs are discharged. The effect of cross flow 
on flow fields of C2-6 resembles to that of C1-6 except 
that the jets yield more easily. 
It is clearly learned from the above results that the 
cross flow is strengthened with jets injecting continu-
ously along the passage. It has little effect on upstream 
flow structure but dominates the flow field in down-
stream region. Large jets are deflected and small jets 
are lifted. The swirl is promoted by the increasing 
power of the cross flow. The effusion effect of FCHs is 
not evident within the given test condition. 
Flow fields in plane B, F and J of C1-2 and C1-4 are 
given in Fig.10 to determine the effusion flow effect of 
FCHs. In both test conditions, only FCH row 2 is 
opened while FCH row 1 and FCH row 3 are blocked. 
The values of Cf,2 of C1-2 and C1-4 are 0.10 and 0.25 
respectively. It is evident that the flow path of the large 
and small jets, the structure and intensity of the vortex, 
and the low velocity gap and corner are all similar to 
those of C1-1. That suggests the change of out flow 
position and the mass flow rate of FCHs may affect 
the flow of local regions near these holes, and this 
will have no marked influence on the main flow 
structures of the passage within the given test condi-
tions. 
The measured flow fields of SEH 3, 13, 19 and 23 
are displayed in Fig.11 for C1-1 and C2-1. Only the 
results of inlet and outlet are presented. The contours 
represent the axial direction velocity Vz and the arrows 
denote the velocity components in radial r and y direc-
tion. All velocity components are normalized by the 
average velocity of all SEHs Va. The length scales of 
the measured holes are non-dimensionalized by the 
diameter of SEH ds.
Fig.10  Flow fields in passages of C1-2 and C1-4. 
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Fig.11  Flow fields in SEHs of C1-1 and C2-1. 
It is observed clearly in Fig.11 that the flow distri-
bution in inlets of SEHs is not even. The large vectors 
near downside edge of the inlet indicate passage flows 
across SEHs from downside to upside. It accords with 
the anticlockwise swirl measured in the passage. Most 
air enters near windward side and is constrained and 
accelerated in the holes, so Vz becomes the dominated 
velocity component at the outlet. The flux distribution 
at outlets of the holes is also uneven. The flow is con-
centrated to the windward side and leaves the leeward 
side to be occupied by low velocity flow. The low ve-
locity separation region covers more than 1/3 of the 
cross section area of the SEH. Compared with the flow 
fields measured in each hole, it is found that the flow 
structure in SEHs is mostly determined by the passage 
flow structure. The change of impingement angle and 
outflow location has slight influence on the main flow 
structure of SEH when there is no cross flow in the 
passage. The similar non-dimensional velocities at 
each outlet show that the mass flow distribution of the 
outflow in SEHs is nearly uniform along the passage. 
 The flow fields of SEHs under test conditions of 
C1-5, C1-6, C2-5 and C2-6 are given in Fig.12 to re-
alize the effect of cross flow. In the cases of C1-5 and 
C2-5, the mass flow rate of EEH is 25% of the total 
feeding mass flow rate, while those of C1-6 and C2-6 
rise to 50%. The flow contours of Fig.11 indicate that 
the flow structures of SEHs change with the cross 
flow. For the test condition of C2-5, the flow at the 
outlet of SEH 3 becomes evener and the separation 
region disappears. The flow structure of SEH 13 is 
similar to that of C2-1, but the high velocity flow is 
driven closer to the upside. Reverse flow emerges in 
SEH 19 which covers about half of the cross section 
area and the outflow is constrained to the upside wall. 
At the outlet of SEH 23, reverse flow becomes even 
stronger and the separation flow almost holds the en-
tire cross section. The maximal non-dimensional ve-
locity decreases from over 1.10 of SEH 3 to about 0.65 
of SEH 23, along with the reverse flow increasing to 
0.25. It suggests that the distribution of mass flow in 
SEHs becomes uneven when the cross flow appears 
along the passage. In the case of C2-6, the outflow 
condition is deteriorated with enhanced cross flow. 
High velocity flow is concentrated to the right side at 
the outlet of SEH 13. Reverse flow is strengthened to 
cover about half of the hole and the outflow can only 
be observed near the windward in SEH 19. The outlet 
of SEH 23 is almost taken over by reverse flow en-
tirely. It exceeds the accurate measurement limit of the 
pressure probe adopted in the experiment. The data 
obtained in SEH 23 is not satisfied but can still provide 
useful information. Comparing the results of Di = 45q
with those of Di = 35q, it is clear that the influences of 
cross flow on outflow of SEHs in the cases of C1-5 
and C1-6 are much more indistinct than those of C2-5 
and C2-6. The flow structure at the outlet of SEH 3 
under the conditions of C1-1, C1-5 and C1-6 are alike. 
No obvious reverse flow is found in SEH 19 in the 
case of C1-5. The outflow still plays a dominant role 
even in the case of C1-6.  
It can be summarized that the cross flow has sig-
nificant effect on the flow structures of SEHs along the 
entire passage. It will deteriorate the intake environ-
ment of SEHs in the downstream region, and thus ex-
pand the separation area in the outlet, or even lead to 
severe reverse flow. The outflow of SEHs is concen-
trated to upstream region of the passage but takes in air 
from the exit plenum in downstream region. The im-
pingement angle has no distinct influence on the flow 
fields of SEHs if there is no cross flow existing in the 
passage. When the cross flow is induced, great effect 
of impingement angle is observed. Low impingement 
angle is helpful to improve the outflow environment of 
SEHs, reduce reverse flow and contract separation 
area.
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Fig.12  Flow fields in SEHs of C2-5, C2-6 and C1-5, C1-6. 
4. Conclusions 
(1) A large anticlockwise vortex dominates the up-
per part of the passage and arouses flow swirling in the 
passage. The small jets impact effectively on the target 
wall, and the large jets devote mostly to inducing and 
driving the vortex. Flow structures are similar in SEHs 
without cross flow.  
(2) The cross flow plays a dominant role in the flow 
characteristics in the passage and SEHs. It deflects 
large jets as well as lifts small jets and restricts their 
impingement capability. Outflow conditions of SEHs 
are deteriorated which causes severe reverse flow. 
(3) The lower impingement angle is helpful to pro-
mote swirling strength and improve the resistance abil-
ity of the jets and SEHs on the cross flow. The higher 
impingement angle enhances the small jets impinge-
ment but the large jets are accessible to cross flow in-
fluence. 
(4) No evident effect of the changes of the outflow 
locations and ratios of FCHs on the main flow struc-
tures of the passage is found within the present test 
conditions. 
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